A spectroscopic and photometric analysis has been carried out for thirty-two candidate SX Phe variable blue straggler stars in the Kepler-field (Balona & Nemec 2012). Radial velocities (RVs), space motions (U, V, W ), projected rotation velocities (v sin i), spectral types, and atmospheric characteristics (T eff , log g, [Fe/H], ξ t , ζ RT , etc.) are presented for 30 of the 32 stars. Although several stars are metal-weak with extreme halo orbits, the mean [Fe/H] of the sample is near solar, thus the stars are more metalrich than expected for a typical sample of Pop. II stars, and more like halo metal-rich A-type stars (Perry 1969). Two thirds of the stars are fast rotators with v sin i > 50 km/s, including four stars with v sin i > 200 km/s. Three of the stars have (negative) RVs > 250 km/s, five have retrograde space motions, and 21 have total speeds (relative to the LSR) > 400 km/s. All but one of the 30 stars have positions in a Toomre diagram consistent with the kinematics of bona fide halo stars (the exception being a thick-disk star). Observed Rømer time delays, pulsation frequency modulations and light curves suggest that at least one third of the stars are in binary (or triple) systems with orbital periods ranging from 2.3 days to more than four years.
INTRODUCTION
SX Phoenecis stars are the Pop. II counterparts of Pop. I δ Scuti pulsating variable stars (see Breger 1980; Eggen & Iben 1989; Nemec 1989; Nemec & Mateo 1990a,b) . The best known and nearest examples are the stars SX Phe, DY Peg, BL Cam and KZ Hya. These and other such field SX Phe stars (i.e., those not in star clusters) generally have the kinematics of halo (or thick disk) stars, asymmetric and large-amplitude light curves, and low metallicities (Eggen 1970 (Eggen , 1979 Breger 1975 Breger , 1977a McNamara et al. 1978 McNamara et al. , 2007 . For many years SX Phe stars were suspected of being Pop. II blue stragglers (BSs), but this was established only when short-period variable stars were found among the BSs in globular clusters (Niss et al. 1981; Jørgensen 1982 Nemec & Cohen 1989; Mateo et al. 1990; Nemec et al. 1994 Nemec et al. , 1995 Sarajedini 1993; Fusi Pecci et al. 1992; McNamara 1997; Gilliland et al. 1998; Rodríguez & López-González 2000; Bruntt et al. 2001) . The leading theory of the formation mechanism for BSs involves mass transfer in a close binary system (Hoyle 1964 , McCrea 1964 , Eggen & Iben 1989 , Leonard 1989 . Since many BSs are now known to be eclipsing binaries (Niss et al. 1978; Margon & Cannon 1989; Mateo et al. 1990; Nemec & Mateo 1990a,b; Hobbs & Mathieu 1991; Hodder et al. 1992; Kallrath et al. 1992; Helt et al. 1993; Yan & Mateo 1994; Nemec et al. 1995; Kaluzny et al. 1996 Kaluzny et al. , 2007 Kaluzny 2000; Park & Nemec 2000; Preston & Sneden 2000; Carney et al. 2001 Carney et al. , 2005 Cohen & Sarajedini 2012) it follows that SX Phe stars are also likely to have a binary (or triple star) nature.
When the first globular cluster SX Phe stars were discovered they were found to have pulsation amplitudes, AV , larger than 0.10 mag, and simple light curves consistent with radial pulsation and one or two dominant periods. Their location in the faint extension of the Cepheid instability strip implies pulsation due to Eddington's κ-mechanism operating in the He II partial ionization zone (see Fiorentino et al. 2014 Fiorentino et al. , 2015 . They also were found to obey a welldefined period-luminosity relationship that can be used to estimate distances (see Nemec et al. 1994; McNamara 1997 McNamara , 2011 Petersen & Hog 1998; Sandage & Tammann 2006) . Because globular clusters (and Local Group dwarf galaxies) tend to be distant, the SX Phe stars in these systems are quite faint. Moreover, the BSs in globular clusters tend to be centrally concentrated (Nemec & Harris 1987; Nemec & Cohen 1989; Leigh, Sills and Knigge 2011; Ferraro et al. 2014) and as a consequence the SX Phe stars are often located in the crowded central regions and therefore are much less amenable to spectroscopic and photometric analysis than those in the field.
Subsequent discoveries revealed that SX Phe stars include lower amplitude pulsators and stars that exhibit more complex radial and non-radial oscillations than previously thought to be the case. Particularly noteworthy was the observation that the AV amplitude distribution shown in figure 2 of Kaluzny (2000) shows an increase in the number of SX Phe stars down to the detection limit (∼0.02-0.03 mag) of the Warsaw variability surveys, from which it was concluded that "a significant fraction of SX Phe stars residing in the survey clusters were most likely missed." Over the years many more faint and pulsationally-complex SX Phe stars have been found in 47 Tuc (Gilliland et al. 1998) , NGC 3201 (Mazur et al. 2003) , NGC 5466 (Jeon et al. 2004) , ω Cen (Olech et al. 2005 ) and other clusters. The catalogue compiled by Cohen & Sarajedini (2012) lists ∼250 SX Phe stars in 46 galactic globular clusters (see their figure 5).
SX Phe stars are now known to be ubiquitous, with many having been identified in our Galaxy (Ramsey et al. 2011 , Palaversa et al. 2013 , Preston 2015 , in the Magellanic Clouds (Soszynski et al. 2002 (Soszynski et al. , 2003 and in most Local Group dwarf galaxies (Nemec & Mateo 1990a; Mateo et al. 1998; Pych et al. 2001; Poretti et al. 2008; McNamara 2011; Vivas & Mateo 2013; Ferraro et al. 2014; Momany 2014; Fiorentino et al. 2014 Fiorentino et al. , 2015 Coppola et al. 2015; Martínez-Vázquez et al. 2016) . Despite these numerous discoveries discrimination between SX Phe stars and δ Sct stars can be confusing, and is particularly blurred where multiple and composite stellar populations have overlapping age, metallicity and kinematic distributions.
In 2012 Balona & Nemec (hereafter BN12) identified 34 candidate SX Phe stars in the Kepler field. The stars were found by cross-referencing a list of 1424 Kepler-field δ Sct stars (Balona 2014a ) with the UCAC3 proper motion catalog (Zacharias et al. 2010) and selecting those stars with high proper motions, µ > 30 mas/yr, and large tangential velocities, Vt > 120 km/s. Several of the candidates are located more than 0.5 kpc above the galactic plane thereby strengthening the conclusion that the sample consists of Pop. II stars. An H-R diagram showing the locations of the 34 candidate SX Phe stars (and 1554 δ Sct stars) relative to stellar evolutionary tracks for masses ranging from 0.8 to 2.0 M was plotted by BN12, where the luminosities and effective temperatures were taken from the Kepler Input Catalog (KIC; Brown et al. 2011) . Since the physical quantities given in the KIC were derived mainly from photometric relations established for stars cooler then 7000 K, the atmospheric parameters given in the KIC were not expected to be particularly reliable. BN12 found that there was little to distinguish the Kepler light curves of the candidate SX Phe stars from those of δ Sct stars. Furthermore, whereas many field SX Phe stars have one or two dominant pulsation modes and rather high amplitudes, almost all of the Kepler-field candidates were found to have relatively low amplitudes and complex Fourier spectra. Thus, BN12 concluded that previous ground-based field SX Phe star investigations probably suffer from a selection bias that resulted in the omission of stars with the lowest amplitudes and most complex pulsations.
The goal of the present study was to derive reliable estimates of the physical characteristics of the BN12 SX Phe candidates. Extensive asteroseismic investigations using Kepler photometry have already been reported for two of the stars: KIC 11754974, an SX Phe pulsator in a 343-day non-eclipsing binary system (Murphy et al. 2013b) ; and KIC 9244992, an SX Phe star in which both the surface and core exhibit slow, nearly-uniform rotation (Saio et al. 2015) . Since the SX Phe stars in the Kepler-field are unique in having four years of almost-continuous high-precision photometry, estimation of their evolutionary status and atmospheric and physical characteristics based on high-resolution spectra is possible and obviously desireable. Moreover, if the stars are Pop. II BSs then determining whether they are binary or triple systems (with a range of separations, including coalesced binaries) and better characterizing their orbital properties becomes important.
In §2 the results of the spectroscopic analyses are presented, including atmospheric properties, radial velocities, space motions and stellar population classifications (eg., halo, thick disk). In §3 frequency analyses are described for the complete BN12 sample; the results based on all the available long-and short-cadence Q0-Q17 Kepler photometry are presented, including the finding that one third of the SX Phe pulsators are in binary systems with orbital periods ranging from a few days to more than four years. A summary of the paper is given in §4.
SPECTROSCOPY
High-resolution echelle spectra for 32 of the BN12 candidate SX Phe stars were acquired in 2013 and 2014 with the ESPaDOnS spectrograph mounted on the Canada-FranceHawaii 3.6-m telescope (CFHT). Two stars fainter than 15th magnitude, KIC 5390069 and KIC 7300184, were too faint to be observed. A total of 178 SX Phe star spectra were taken by the CFHT Queue Service Observing team, with the number of spectra taken per star ranging from three to 11, over three to seven independent epochs. Details of the individual spectra are summarized in Table 1 .
In 2013 ESPaDOnS was used in 'star+sky' mode (spectral resolving power λ/∆λ∼66000) with spectral resolution (gaussian FWHM of instrumental profile) ∼0.0083 nm at 550 nm, 2.5 pixels per resolution element and velocity resolution 4.5 km/s. In 2014 'star-only' mode was used, which widened the stellar spectra, increased the resolving power to ∼80000, reduced the FWHM of the instrumental profile to ∼0.0070 nm, and improved the velocity resolution to 3.8 km/s. Each spectrum covers the wavelength range 370-1030 nm, spread over 40 orders. Almost all the observations Table 1 . Summary of CFHT and APO spectra. The stars are ordered by KIC number (col.1) and the other columns contain: (2) the spectrum number (CFHT or APO); (3) the UTC mid-exposure date and time, (4) mid-exposure barycentric Julian Day; (5) exposure time (s); (6) signal-to-noise ratio, (7) airmass at the mid-time of the observation; (8) barycentric radial velocity (km/s); and (9) projected equatorial velocity, v sin i (km/s). For the SB2 system KIC 6780873 the RV and v sin i entries are for the primary component. were made under photometric conditions. Starting in 2014 several IAU faint radial velocity standard stars, selected from the list given by Udry et al. (1999) , were observed each night in addition to the program stars (Table 1 ). All raw spectra were preprocessed using the 'Libre-Esprit'/'Upena' CFHT pipeline (see Donati et al. 1997) . The reductions included barycentric velocity corrections, small radial velocity corrections based on the telluric lines, and rectification of the spectra. The Versatile Wavelength Analysis (VWA) 'rainbow' program (Bruntt et al. 2010a,b) was used to merge the overlapping echelle orders and to improve, where necessary, the normalization of the continuum level. Sample spectra for the 32 observed stars are shown in Figure 1 .
KIC
High-resolution spectra also were taken at the Apache Point Observatory (APO) with the ARCES echelle spectrograph on the Astrophysical Research Consortium (ARC) 3.5-m telescope. Some of the spectra were of well-known field SX Phe stars taken for comparison purposes, including three RV standard stars selected again from the Udry et al. list. The resolution of the APO spectra, R ∼ 31500 (or 2.5 pixels), is lower than that for the CFHT spectra, and the wavelength coverage was from 320 to 1000 nm, dispersed over 107 orders. The default slit (size 1.6 ×3.2 ) was used for all the observations, and the readout noise typically was less than 7 e − /pixel with a gain of 3.8 e − /ADU. All the spectra were preprocessed with IRAF. Because of their lower resolution and lower signal-to-noise ratios the APO spectra were used mainly for additional radial velocity and rotation velocity information. Details of the APO observations of the Kepler-field SX Phe stars also are given in Table 1 .
While acquiring the APO spectra, KIC 1162150 (*15) and KIC 6227118 (*27) were seen in the 3.5-m telescope finder fields to be optical doubles with very close, relativelybright neighbours. Finding charts made from the DSS digital sky survey are shown in Figure 2 for these and two other stars. KIC 1162150 is seen to be located among a clump of relatively bright stars, and the image of KIC 6227118 is quite asymmetric. It is possible that photometric observations (and possibly our spectroscopy) for these two stars are contaminated by light from the neighbour stars. 
Radial Velocities
Barycentric radial velocities (RVs) were measured for each spectrum using the cross correlation methods implemented in the routines 'fxcor' and 'xcsao' in IRAF (Tonry & Davis 1979; Kurtz & Mink 1998) and the 'rcros' program of Díaz et al. (2011) , and by fitting synthetic spectra. Since only minor differences were found using the different methods we chose to adopt the 'fxcor' values, where the cross correlation function (CCF) was based on appropriate template synthetic spectra. The resultant RVs for the individual spectra are presented in Table 1 , and mean RVs are given in Table 2 .
The RV zero-points were checked using the IAU standard star observations. When the mean RVs for the five standards observed with ESPaDOnS were compared with those given by Udry et al. (1999) 
Stars with High Radial Velocities
Three of the stars have large negative RVs: KIC 6520969 (*21) with RV= −299.5 ± 0.1 km/s; KIC 8004558 (*1) with RV= −254.1 ± 1.5 km/s; and KIC 11754974 (*13) with RV= −307 ± 4 km/s. Two of the stars (KIC 8004558 and 11754974) were already of interest because of their resemblance to field SX Phe stars (see Table 3 clusters, for example, 47 Tuc (Gilliland et al. 1998; Bruntt et al. 2001 ) and M71 (Hodder et al. 1992; McCormac et al. 2013) . The 47 Tuc stars observed with HST also resemble the Kepler stars in exhibiting multiperiodic variations and of having similarly low amplitudes (∼5-50 mmag).
KIC 11754974 is known to reside in a 343 d binary system (Murphy et al. 2013b) , and, based on an analysis of the complete set of Kepler Q0-Q17 photometry, we show below that KIC 8004558 also is a photometric time-delay binary (orbital period ∼262 d). In both cases the variable star is thought to be the more massive primary (M ∼ 1.5M ) and the secondary has a mass ∼0.5M . No photometric or spectroscopic evidence could be found to suggest that KIC 6520969 (*21) is a binary system.
Radial Velocity Variations
There are several reasons why one might expect some of the program stars to show RV variations: (1) all of the stars exhibit light variations due to radial and non-radial pulsations (usually multiperiodic); (2) at least ten of the pulsators are in binary systems (see §3.3 below); and (3) the two misclassified stars, KIC 9535881 and KIC 12643589, are known to be close eclipsing binaries 1 . Since the spectroscopic part of this study was intended only as a first-look survey the sampling design is far from optimal for analyzing temporal variations in the spectra, and only a relatively small number of spectra were taken for each star (typically 5 and at most 11). Moreover, owing to the wide range of line widths of the sample stars the uncertainties of the individual RV measurements range from ∼±10 km/s for the four rapidly rotating stars to only a few tenths of a km/sec for the narrow-lined metal-rich (and standard) stars that have high signal-to-noise ratio (S/N) spectra. Furthermore, the spacing of the observations is not ideal for identifying RV variations, in particular: (1) the ∼300 day gaps between the 2012, 2013 and 2014 observations are a potential cause of aliasing difficulties; (2) many of the stars were observed only once in 2014; and (3) the spacing may be inappropriate for detecting certain orbital and pulsation periods (i.e. cycle-count and Nyquist aliasing). Finally, the IAU RV standards observed at CFHT were observed only in 2014, and thus year-to-year offsets in the RVs are possible (although this seems unlikely given the constancy of the RVs for several program stars).
Despite these potential problems, time-series graphs show some evidence of RV variability for approximately half of the 30 candidate stars with spectra. Stars were ranked by RV range, where ∆RV = RV(max) -RV(min). In the absence of variability, and assuming a normal distribution of RVs, ∆RV/ √ n ∼ σRV, where σRV is the standard deviation of the RVs and n is the number of measured RVs for a given star. For the non-variable standard stars a typical value for ∆RV/ √ n is ∼0.1, which is comparable to the uncertainties given in Table 1. KIC 6780873 (*5) has narrow spectral lines and the largest RV range, ∆RV = 69.9±0.3 km/s. Figure 3 shows that five of its nine spectra exhibit line doubling, identified by two distinct peaks in the cross-correlation function; thus it is clearly a double-lined spectroscopic binary (SB2). In Table 1 only the RVs for the primary star (assumed to be the SX Phe star) are given; these were calculated using the stronger and wider of the two CCF peaks (i.e., the peak with the larger area and larger height above the baseline). The observed RVs of the SX Phe star vary from -26.81±0.13 km/s to +43.08±0.14 km/s. The RVs for both components, noted in Fig.3 and plotted in Figure 4 , are consistent with KIC 6780873 being a close binary with a 9.161±0.001 d orbital period (see §3.3). The widths of the CCFs suggest that v sin i for the primary is larger than that of the secondary, 11±2 km/s versus 5±2 km/s. The observation of spectral lines due to the secondary suggests that the less luminous companion star is a low-mass main-sequence star and not a giant or white dwarf.
The other SX Phe candidates with large ∆RV values are: KIC 12688835 (*18), 10989032 (*32), 7765585 (*28), 7819024 (*19), 8004558 (*1), 5705575 (*22), 11754974 (*13) and 9267042 (*12). All except KIC 12688835 and KIC 7765585 are binary systems (see §3.3). The large ∆RV of KIC 12688835 (*18) is based on four 2013 spectra with RV∼ -25 km/s and a single 2014 spectrum with RV=−51 ± 10 km/s; owing to the large uncertainties which result from broad spectral lines this evidence for its RV variability must be considered tentative. Likewise, the evidence for the RV variation of KIC 7765585 (*28) hinges primarily on one of the RVs being significantly different from the rest. The measured ∆RV = 14 ± 6 km/s for KIC 11754974 (*13), the 344-d non-eclipsing binary studied by Murphy et al. (2013b) , is consistent with the photometric K1 value of 8.2 ± 0.2 km/s (see §3.3); the significant RV differences seen for the three August 2013 spectra, if real, hint at additional variability.
Two other time-delay binaries exhibit small RV ranges consistent with their photometrically predicted small K1 values (see Table 9 ): KIC 4243461 (*4) was found to have ∆RV = 5.1±2.0 km/s, which is to be compared with the predicted K1 = 5.3±0.2 km/s; and KIC 9966976 (*31) has ∆RV = 5 ± 5 km/s (the large uncertainty being due to its large v sin i) compared with the predicted K1=0.64± 0.04 km/s. A third time-delay binary, KIC 7300184, which was not observed spectroscopically, also is predicted (based on K1=0.02±0.02 km/s) to have a small RV range.
Finally, several of the above-mentioned stars show broadened CCFs and structure that is (or may be) due to RV variation in a binary system (see §3.3), but might also be caused by rotation, large amounts of macrotubulence, noise, etc. The CCFs for four such stars are shown in Figure 5 . As noted earlier KIC 8004558 (*1) is a high-velocity 262 d binary system; if the CCFs for its eight spectra are fitted with a Gaussian the RVs appear to shift from −260±4 to −242±4 km/s, consistent with binary motion. KIC 10989032 (*32) exhibits the second largest ∆RV (37.5±1.2 km/s), and the Kepler Q0-Q17 light curve shows it to be a close semidetached binary system with an orbital period of 2.3 d. If it is a single-line spectroscopic binary and its broadening is due to stellar rotation then v sin i ∼ 45±2 km/s (see §2.3). The star is listed in the Villanova Eclipsing Binary (EB) Catalog 2 where its P orb is given as 2.305097 days. The RV curve derived from the eight available spectra appears to be sinusoidal and thus suggests that the orbits have been circularized (see §3 below).
Higher SNR spectroscopic observations and more sophisticated analysis methods (such as the 'broadening functions' advocated by Rucinski 1999) might help to better assess the RV variations of the program stars.
Distances and Space Motions
Membership in the galactic halo stellar population is one of the defining features of an SX Phe star. Height above the galactic plane and space motions are often used to discriminate between Pop. II and Pop. I stars, where stars with vertical height greater than ∼500 pc and total speed greater than ∼200 km/s almost certainly are Pop. II stars. Galactic coords (l, b), E(B-V ) reddenings, distances, d (pc), and vertical heights above the galactic plane, z (pc), for the program stars are given in Table 2 . The KIC distances are derived from the Sloan photometry which gives estimates of T eff and log g. The radii in the KIC follow from the gravities and model masses, and the T eff and radius information gives the luminosity, L. From L and the observed apparent magnitude Brown et al. (2011) calculate the distance, from which the E(B-V ) reddening and the AV extinctions are estimated using the simple exponential fall-off model given by their equations 8-13 (see BN12). The only program star for which the KIC does not give E(B-V ), and Figure 3 . CCFs for the nine spectra of KIC 6780873, a 9.3-day close binary system shown here to be double-lined. Each CCF has been labelled with a letter (a-i) identifying the measured spectrum, and the time of the observations (BJD minus 2456000). Using the peak strengths, each CCF 'bump' has been identified as being due to either the primary (p) or secondary (s) star. Also given (right side) are the RVs (km/s) for each component. consequently distance information, is KIC 11754974, the star studied by Murphy et al. (2013b) . Brown et al. (2011) warned that where there is a clumpy distribution of interstellar matter "the result is systematic misclassification" in the KIC due to "a scattered and confused relation between T eff and color, and other failings". For this reason new distance and reddening estimates were derived. These were made using the on-line 'cumulative reddening vs. distance' tool created for the '3D Dust Mapping' project (see Green et al. 2014 Green et al. , 2015 available at http://argonaut.skymaps.info/query. This tool requires as input a direction indicator (l, b or RA,DEC) and the distance modulus, µV (=mV -MV ), and calculates E(B-V ) and d (pc), where the interstellar extinction is based on dust maps (see Schlegel et al. 1998 , Schlafly & Finkbeiner 2011 rather than an exponential model.
For each star µV was derived using the apparent visual magnitude mV given in column 4 of Table 5 , and by estimating the absolute visual magnitude, MV , by assuming for the mass the value 1.5 M (i.e., estimated mean for SX Phe stars) and by substituting the spectroscopic estimates of log g and T eff (given in Table 4 , columns 4 and 6) into the following equations:
log(L/L ) = 2 log(R/R ) + 4 log(T eff /T eff, ),
For the Sun we adopted T eff, = 5772 K and log g = 4.438, and for the program stars the bolometric corrections, which are small, were ignored. The derived reddenings, distances and vertical heights are given next to the KIC values in Table 2 .
The new reddenings are smaller than the KIC values for all but six of the stars, and in general the distances are greater 3 . The average reddening is 0.12 mag, the average distance is 2.1 kpc, and the average height above the galactic plane is 400 pc. The new reddenings and distances improve upon the KIC values in two ways: (1) T eff and log g now are based on measurements of high-dispersion spectra, whereas the KIC estimates are based on photometry and have been shown, at least for cooler stars, to be systematically too low by over 200 K (Pinsonneault et al. 2012 ; see below); and (2) the patchy distribution of the interstellar gas and dust, which is evident in the appearance of multiple discrete interstellar lines in several of the CFHT spectra 4 , is now taken into account.
Galactic U, V, W space velocities were estimated by combining the mean RVs given in Table 2 (col. 7), the new distances (col. 5), and the proper motion information summarized in BN12. The velocities are with respect to the Local Standard of Rest (LSR), assuming for the solar motion the values (U, V, W ) = (−8.5 ± 0.29, 13.38 ± 0.43, 6.49 ± 0.26) km/s (Coşkunoglu et al. 2011) . The calculations were made using the general method given by Johnson & Soderblom (1987) , as implemented in the IDL 'Astrolib' routine "gal uvw", which assumes U positive in the anti-center direction, V positive in the direction of galactic rotation, and W positive in the direction of the North Galactic Pole (i.e., left-handed Galactic system). Also calculated were total space motions, T , equal to (
1/2 . The resulting velocities are given in column 8 of Table 2 .
The 'Toomre diagram' is a graphical summary of U, V, W space motions that is useful for discriminating halo, thick disk and thin disk stars (Sandage & Fouts 1987 , Venn et al. 2004 . Of course, population discrimination based solely on kinematic information is subject to error because the underlying velocity distributions for the different stellar populations overlap by various amounts (Nemec & Linnell Nemec 1991 , 1993 , a problem that is compounded when 3 Increasing (decreasing) the assumed mass by 0.25 M has little impact on µ V and d(pc): the µ V is larger (smaller) by ∼0.17 mag, and the distance is larger (smaller) by ∼150 pc; the effect of such a change on E(B-V ) depends on the distance and gradient in the E(B-V ) vs. µ V graph, but is usually small. 4 The distinction between stellar and interstellar Na I D lines is clear for almost all the stars. This is especially true for the three stars with large RVs where the interstellar Na I D lines are shifted ∼0.5 nm to the right of the stellar lines. For several of the stars two or three individual sets of interstellar lines are seen, each presumably arising from a separate interstellar cloud. For several of the stars the interstellar Na I lines are saturated, an extreme example being KIC 9244992 (*7), which has one of the largest E B−V reddenings. A large range in line strengths was observed for the interstellar neutral potassium (K I) line at 769.8 nm. Surprisingly, KIC 3456605 with E B−V = 0.14 has a particularly strong and broad interstellar K I line. Detailed quantitative analysis of the interstellar lines, such as that performed by Poznanski et al. (2012) , might be useful for investigating these and other spectral features but is beyond the scope of the present paper. Table 2 . Locations and kinematics for the 34 SX Phe candidates. The columns contain: (1-2) KIC and CFHT star numbers; (3) galactic latitude and longitude (degrees); (4-5) E(B-V ) reddening (mag) and distance d (pc), from the KIC and based on dust maps; (6) height above the galactic plane z (pc), KIC values and assuming the new distances; (7) mean radial velocity ± standard error (with number of measured spectra given in parentheses) -for binary systems the systemic RVs are given and underlined; (8) space motions, U, V, W , and total speed, T , all relative to the Local Standard of Rest. the complexity of the distributions is increased by possible galaxy mergers and local streaming events (see, for example, Bensby et al. 2007; Carollo et al. 2007 Carollo et al. , 2010 . The Toomre diagram also ignores chemical composition and age differences (see Carollo et al. 2016) . Despite these limitations the diagram has proven to be useful for identifying Pop. II stars (see, for example, Schuster et al. 2012, and Ramírez et al. 2013) .
A Toomre diagram for the candidate SX Phe stars is plotted in Figure 6 . The (red) dashed vertical line at −220 km/s separates the stars with prograde motions from those with retrograde motions, and the (blue) dashed curve divides the halo population stars from the thick disk stars which have total space velocities 80 < T < 180 km/s. Also plotted in Based on the new distances and velocities we conclude that: (1) half of the stars have z-heights greater than 400 pc; (2) in the Toomre diagram all the stars (except possibly KIC 6227118 which is located just inside the thick-disk boundary) have total space motions T >180 km/s, including 16 stars with T greater than 500 km/s; (3) five of the stars orbit the Galaxy in a retrograde direction 5 ; and (4) the space motions of the SX Phe stars, in particular the fraction on retrograde orbits, are not substantially different from those of the Kepler-field RR Lyrae stars. Each of these findings supports the argument that most, if not all, of the SX Phe candidate stars belong kinematically to the galactic halo stellar population, a conclusion that remains unchanged regardless of whether the z-heights and space motions are based on the new spectroscopic values or on the information in the KIC. Finally, if the galactic halo consists of "two broadly everlapping structural components" as advocated by Carollo et al. (2007 Carollo et al. ( , 2016 then the stars with retrograde orbits may be members of the outer-halo component.
Spectral Types
SX Phe (and δ Sct) stars usually have spectral types in the range A3 to F2, corresponding to surface temperatures ranging from ∼8600 to ∼6900 K. They also define the blue and red edges of the instability strip at absolute magnitudes <MV > ∼ 1.5 to 3.5 (i.e., L/L from ∼15 to 3). The SX Phe stars found among BSs in globular clusters tend to have, on average, lower luminosities and masses than Pop. I δ Sct stars.
Spectral types and luminosity classes for the program stars were determined using the rectified CFHT spectra and are given in Table 3 (cols. 5-8). Separate classifications were made based on the appearance of the hydrogen lines, the Ca II K-line, and the overall metallic-line spectrum, using the following criteria: (H) the hydrogen Balmer lines have their maximum strength at A2 with the cores and the wings of the lines decreasing in strength as the temperatures decrease; (K) the Ca II K line at 393.3 nm increases in strength towards later spectral types, starting from a line depth comparable to that of the Mg II 448.1 nm line near A0, to a depth that surpasses that of H at F0; and (M) the line strengths of neutral metals steadily increase towards later spectral types 6 . For the early-A stars, the luminosity class was established using the hydrogen lines, which are luminosity sensitive and permit discrimination within the main-sequence band. For the early-F stars, the metal lines, which are sensitive to both temperature and luminosity, were used -the primary luminosity indicator being the Fe/Ti λ4172-9 blend. The most uncertain luminosity classes are those for the late-A stars where the hydrogen and metal-line criteria do not quite overlap (see Gray & Garrison 1989) . Inspection of Table 3 reveals that most of the stars are of luminosity class V and thus are on or near the upper main sequence. Of particular interest is the main sequence character of KIC 6227118 (*27), whose distance, log g and log L/L in the KIC, were found to be outliers by BN12 (see their Table 1 ), and the high-luminosity character of KIC 9244992 (*7), which is consistent with its apparently advanced evolutionary state (see fig. 2 of BN12, and Saio et al. 2015) .
For single main sequence stars application of any one of the above indicators usually gives the same spectral type; however, such agreement is not necessarily expected for A-F stars, especially those having chemical peculiarities, such as the Am stars (at least half of which are spectroscopic binaries), or for SX Phe stars, whose blue straggler nature and possibility of coalescence or mass transfer in binary systems complicates matters. The greatest disparities in spectral type were found for KIC 8004558 and KIC 11754974, both of which are binary systems (see §3.3).
Assignment of spectral type can also be problematic for spectra that have broad metal lines (see Fig. 2 ). Since rotation broadens spectral lines, rapid rotators (at least those with i significantly greater than 0
• ) have lines that are wider and correspondingly shallower than those for slow rotators. Placing too much emphasis on line depth rather than width may lead to an erroneous classification. To mitigate this problem, and improve upon the metal-line spectral types, the spectra of the rapid rotators were compared with the spectra of rapidly rotating standard stars selected from the high v sin i standard star lists provided by Gray & Garrison (1989) and Gray & Corbally (1994 .
Owing to instrumental artefacts, arising perhaps as remnants of the merging of the orders in the echelle spectra, certain lines were less useful than others for classification purposes. For instance, the H δ line was often unnatural in shape. For this reason, the assigned hydrogen line type was always determined from H γ, and occasionally checked against H δ. Often it was difficult to find the continuum near Table 3 . Spectral types, luminosity classes, mean projected rotational velocities, <v sin i> (km/s), and mean radial-tangential macroturbulent velocities, <ζ RT > (km/s), for the Kepler-field candidate SX Phe stars. The columns contain: (1) KIC number; (2) CFHT number; (3-4) Right Ascension and Declination (J2000); (5-7) spectral type based on the K-line, the Hydrogen lines, and the metal lines; (8) luminosity class; (9) weighted average of the v sin i values given in Table 1 , with the number of spectra measured given in parentheses; (10) the mean v sin i values derived using the goodness-of-fit method; and (11) the average ζ RT derived using the goodness-of-fit method. In the last two columns the uncertainty is the standard deviation of the mean, and in (11) the number of lines that were measured is given in parentheses.
no. h : m : s the Ca II K-line, in which case a Ca II K-line type is not provided in Table 3 . In general the least weight was placed on the K-line when it was used in the classifications.
Rotational and Macroturbulent Velocities
The spectra exhibit a wide range of line widths, with two thirds of the stars having broad lines (see Fig. 2 ). Stellar rotation is usually the dominant broadening mechanism; however macroturbulence and pulsations may also be contributing factors. For stars with narrow lines (which tend to be the slowest rotators but may, like Procyon, be fast rotators seen pole-on) the line profile shapes are determined mainly by instrumental and natural broadening, photospheric thermal motions, Coulomb interactions of neighbouring particles, and microturbulence.
Projected equatorial rotation velocities
The projected equatorial rotation velocity, v sin i, was measured for each spectrum using the Fourier transform (FT) method pioneered by Carroll (1928 Carroll ( , 1933 and further developed by Gray (1973 Gray ( , 1975 Gray ( , 1978 , Smith & Gray (1976) and others (Dravins 1982; Reiners & Schmitt 2002; Reiners & Royer 2004; Simón-Díaz & Herrero 2007 7 . Since most of the available spectra have signal-to-noise ratios <100 no attempt was made to measure differential rotations or to investigate line bisectors. The v sin i values given in Table 1 7 The v in v sin i is the equatorial velocity, and the inclination angle, i, is the angle between the observer's line-of-sight and the direction of the rotation axis. This i is not to be confused with the orbital inclination angle used in §3 to describe the binary systems, where i is the angle between the line-of-sight and the line perpendicular to the orbital plane. Table 1 (col. 9) were derived using the 'rcros' program of Díaz et al. (2011) . This algorithm calculates the cross-correlation function (CCF) between an object spectrum and a template spectrum, where user-specified wavelength intervals (e.g., 200-400Å) replace individual lines. The v sin i values follow from the location of the first zero in the FT of the CCF central maximum (assuming a linear limb darkening law with = 0.6, and taking account of wavelength dependence). For our spectra, the method has several advantages over measuring individual line profiles, the greatest being that in the FTs the first zeros were usually well defined with sidelobe signatures significantly higher than the background noise level. Using simulations Díaz et al. concluded that "for the usual values of S/N and instrumental broadening, the variation in the first zero position caused by additional broadening and noise is below 1%." Selection of the template spectra depended on the amount of line broadening. For the spectra with broad lines both narrow-and broad-lined templates appropriate for A-and early-F spectral types were used, including synthetic spectra with v sin i values equal to 10, 50 and 100 km/s. For the stars with narrow-lined spectra (including the RV standards) the adopted template spectrum consisted of either a synthetic solar spectrum, an A-star spectrum, or the spectrum of one of the very narrow-lined program or standard stars.
The derived v sin i values correlate well with the measured Gaussian full-width at half-maximum (FWHM) values of the CCFs (see left panel of Figure 7 ). Because the four fastest rotators have CCFs that deviate from a Gaussian distribution they have been excluded from the graph; no corrections were made for the ∼4 km/s instrumental broadening. The quadratic least-squares fit is given by y = −2.859×10
−4 x 2 +0.781x−6.888, where x is the FWHM of the CCF, and y is the value of v sin i. The residuals have an rms scatter of approximately 6 km/s. The uncertainties in the v sin i values depend on the width of the CCF central maximum, the height of the CCF peak, and the noise in the CCF. The largest random errors occur for the fastest rotators with the broadest lines. For the narrow-lined spectra the rotational broadening is comparable in magnitude to the instrumental and other broadenings mentioned above and hence the v sin i values are upper limits.
Weighted-average v sin i values based on the FT method applied to all the spectra are given in column 9 of Table 3 , and a histogram of the <v sin i> values is plotted in the right panel of Figure 7 . Although the number of stars is relatively small, the distribution appears approximately uniform between 0 and 150 km/s, with the four fastest rotators having <v sin i> values greater than 195 km/s. The four slowest rotators have <v sin i> values smaller than 8 km/s, and about two-thirds of the stars have v sin i values larger than 50 km/s. Since main-sequence A-type stars generally have v sin i values ranging from the resolution limit of the instrumentation to nearly as high as the rotational break-up limit ∼350 km/s, and because F-type stars tend to rotate much more slowly (see Fig. 18 .21 of Gray 2005, Fig. 1 of Royer et al. 2007, and Fig. 11 of Bruntt et al. 2010b) , the observed range of line broadenings meets expectations for a sample of A-and early-F type stars.
Macroturbulent velocities
The existence of granulation cells larger than the mean free path of a photon (i.e., macroturbulence; see Gray 2005 , Chapter 17) is often invoked to explain line broadening in excess of that attributed to rotation. It has been suggested that gravity waves, possibly originating with non-radial os- Figure 8 . Example output from the 'IACOB-broad tool', which was used to estimate radial-tangential macroturbulent velocity, ζ RT , and the projected rotation velocity, v sin i. Here, the strong Fe II line at 5197.58Å was measured in the coadded spectrum of KIC 5036493 (*26). The resulting FT and GOF v sin i values for this line are in excellent agreement with the <v sin i> value derived using 'rcros', 19.0±1.1 km/s. The resulting ζ RT of 9±8 km/s (the uncertainty follows from the contour plot in the bottom right panel) is smaller than, but consistent with, the mean value of <ζ RT > = 15±1 km/s derived from measurements of this line and 26 other lines in the same spectrum.
cillations (Lucy 1976; de Jager 1990; Cantiello et al. 2009; Simón-Díaz et al. 2010; Aerts et al. 2009 Aerts et al. , 2014 Schiode et al. 2013; Grassitelli et al. 2015) , may cause or contribute to macroturbulent broadening. In many cases the amount of line broadening due to macroturbulence may be as much or more than that caused by rotation (e.g., Markova et al. 2014) .
The radial-tangential macroturbulent velocity dispersion, ζRT (Gray 1973 (Gray , 1975 (Gray , 1978 , was estimated for sixteen BN12 stars using the 'IACOB-broad' tool of Simón- Díaz & Herrero (2014) . Artificial line profiles were fitted to unblended high-SNR lines in the observed spectra by varying v sin i and ζRT, where the combined Fourier transform (FT) and goodness-of-fit (GOF) methodology was used to infer the optimum (minimum χ
2 ) values of v sin i and ζRT for each line. These values were then averaged over lines to give the final estimates for each star, which are given in the last two columns of Table 3 .
An application of the IACOB-broad tool is illustrated in Figure 8 and for most of the other stars, the FT and GOF values are consistent. Plots similar to the bottom-right contour graph, where the 'banana-shaped' contours reflect the rela- Saar & Osten (1997) , have been presented by Ryans et al. (2002) , Dall et al. (2010) , and Bruntt et al. (2010a) . Since the GOF v sin i values agree extremely well with those derived using the 'rcros' FT method (see §2.4.1) the latter were adopted, and only the ζRT retained. Figure 9 shows that the derived macroturbulent velocity dispersions fall in the range 10-30 km/s, with an apparent trend of increasing ζRT with increasing v sin i. Without knowing the inclination angle it is hard to know whether there is correlation between the equatorial velocity and ζRT.
For main sequence stars the 'granulation boundary' that marks the onset of convection (Böhm-Vitense 1958; Böhm-Vitense & Canterna 1974; Gray & Nagel 1989; Paxton et al. 2011 Paxton et al. , 2013 Paxton et al. , 2015 occurs near spectral type F0, corresponding to B-V ∼0.3 and T eff ∼ 7000 K. This boundary appears to be coincident with the red edge of the Cepheid instability strip (Böhm-Vitense & Nelson 1976) . Since the stars considered here are mainly mid-to-late A-type pulsators with (B-V)0 < 0.30 mag (see Table 4 ) they tend to lie on the hot side of the granulation boundary in the instability strip. Such stars might be expected to have reversed-C shaped line bisectors (Gray & Toner 1986; Gray 2009 ) and possibly significant atmospheric velocity fields (Landstreet 1999; Landstreet et al. 2009 ). In addition, many may have chemical abundance anomalies (Preston 1974; Adelman 2004) that are undoubtedly related to magnetic fields (Donati & Landstreet 2009 ) and diffusion (Michaud et al. 1976) .
The hotter and more luminous OB-stars (for which microturbulence is assumed to be negligible) tend to have very large ζRT values, possibly as high as ∼150 km/s, which appear to increase with increasing T eff and v sin i (see Ryans et Valenti & Fischer (2005) shows that for stars with T eff = 6200 K the upper limit of ζRT is ∼9-10 km/s. Such cool stars tend to be slow rotators (see above), have C-shaped line bisectors (Gray & Nagel 1989; Gray , 2009 , and show chromospheric emission in UV spectra (Böhm-Vitense & Dettmann 1980; Gray & Toner 1986) . Simple interpolation suggests that our program stars might be expected to have intermediate ζRT values, which is, in fact, borne out by the observation that the average <ζRT >= 18 ± 2 km/s for the measured stars.
Recent precise v sin i and ζRT measurements made by Gray (2014) for five narrow-lined A0-A2 main sequence stars show them to have much lower ζRT values than the hot but slightly cooler stars studied here. It is perhaps significant that our sample stars are all pulsating while the stars studied by Gray are outside the instability strip and do not appear to pulsate. This observation lends support to the notion that the relatively high macroturbulent velocity dispersions of the SX Phe stars are due to (or at least related to) non-radial pulsations.
Other Atmospheric Characteristics
In addition to v sin i and ζRT velocities, several other atmospheric characteristics were derived from the spectra. These include: effective temperature, T eff ; surface gravity, log g; microturbulent velocity, ξt, and metal abundance, [Fe/H]. Since the Kepler SX Phe sample consists of stars exhibiting a wide range of line widths and metallicities, stars with radial speeds as high as 300 km s −1 , close and wide binary systems, etc., and spectra with a wide range of SNRs, it was necessary to employ several different methods for the spectral data analyses. In general synthetic spectra were fitted to observed spectra, where χ 2 minimization techniques were used to optimize atmospheric parameters. In all cases 1D planeparallel atmospheres in LTE were assumed. Specifically, the ATLAS9 model atmospheres of Kurucz (see Castelli & Kurucz 2004) were used for the radiative transfer calculations. Basic spectral line information (excitation potentials, loggf values) was taken from the VALD3 website (Piskunov et al. 1995; Kupka et al. 1999) , and for the assumed composition mix the Asplund et al. (2009) solar abundances were adopted.
All the spectra (both individual and coadded) were measured using the 'Spectroscopy Made Easy' (SME) program of Valenti & Piskunov (1996) . Initially, wavelength ranges were limited to the same 'windows' used by Valenti & Fischer (2005) , supplemented by regions around the first three Balmer lines. The results were then refined using simultaneous fitting of the 25 wavelength windows as advocated by Brewer et al. (2015 -see their Table 2 ), where the initial estimates served as starting values. A sample fit for a portion of the KIC 7020707 spectrum can be found in Nemec et al. (2015) .
For those narrow-lined stars for which equivalent widths (EWs) of unblended lines could be reliably measured, the curve-of-growth (COG) method, also known as the equivalent width (EW) method, was used to derive a second set of estimated atmospheric characteristics. The analyses were performed using both MOOG (Sneden 1973) and VWA (Bruntt et al. 2002) . For the MOOG analyses the EWs were measured using ARES (Sousa et al. 2007 (Sousa et al. , 2015 , while for the VWA analyses they were measured as part of the reductions. To help ensure comparability of the results from VWA and MOOG every attempt was made to measure the same iron lines; usually there was good agreement. VWA diagnostic diagrams were plotted, including derived iron abundances, A(Fe) (= log NFe/Ntot), versus measured EW, and A(Fe) versus lower excitation potential (EP). The T eff values were derived by requiring independence of A(Fe) and EP. The microturbulent velocities ξt were derived by requiring independence of A(Fe) and EW. And the log g were derived by requiring similar mean A(Fe) values for the Fe I and Fe II lines (i.e., ionization equilibrium).
The results of the spectral analyzes are summarized in Table 4 , where the first row for each star summarizes the parameter estimates derived using SME, and the second row gives, if available, the results of the most reliable VWA/MOOG analyses; also given are the photometric estimates from the KIC and from Huber et al. (2014) . When individual parameters were assumed, such as for the difficultto-measure surface gravity, the values that were assumed are given in parentheses; otherwise derived values (with uncertainties) are recorded. Since the T eff and log g estimates ignore variation over the pulsation cycle the true uncertainties are difficult to estimate and may be larger than the reported values. The spectroscopic (SME, VWA/MOOG) and photometric (KIC, H14) effective temperatures for the program stars are compared in Figure 10 . The stars are seen to have (SME) temperatures ranging from 7300 K to 8600 K (i.e., 3.863 < log T eff < 3.934 K). The upper temperature matches well the blue edge of the theoretical δ Sct instability strip (e.g., Dupret et al. 2004) ; hwoever, the lower temperature Table 5 . Mean magnitudes and colours for the Kepler-field SX Phe candidates. The columns contain: (1-2) KIC and CFHT star numbers; (3) mean Kepler Kp magnitude from the KIC; (4-6) mean Johnson V magnitudes, B − V colours and U − B colours -the top row is from Everett et al. (2012) , and the lower rows are new photometric observations; (7-8) dereddened B − V and U − B colours, assuming both the KIC and new reddenings (given in Table 2 ); (9) Gunn-Thuan (SDSS) g-r colour from the KIC catalog and from the Kepler-INT Survey (KIS); (10-12) r-i, H-K and J-K colours given in the KIC.
no. *27 ). The middle panel shows that for most of the cooler stars, the SME temperatures are hotter than the H14 temperatures, the average difference being ∼300 K; the largest discrepancies occur for KIC 7765585 (*28) and KIC 7301640 (*10), both of which are rapid rotators. For the five hottest stars, the H14 temperatures appear to be ∼200 K hotter than the SME temperatures, i.e., more in line with the original KIC temperatures. In the bottom panel the SME and VWA/MOOG spectroscopic temperatures are compared. Apart from a scatter ∼200 K there is reasonable agreement. The largest discrepancy, ∼500 K, is for KIC 6520969 (*21). We suspect that a large part of the observed difference can be attributed to the different wavelength intervals that were measured.
The T eff 's from asteroseismology, 7100±150 K for KIC 11754974 (Murphy et al. 2013b ) and 6622 K for KIC 9244992 (Saio et al. 2015) , are both somewhat cooler than the spectroscopic values: the KIC 11754974 value is within the measuring errors, but the asteroseismology value for KIC 9244992 is ∼1000 K cooler than that derived here! In order of decreasing temperature the five hottest stars (T eff > 8100 K) appear to be: KIC 10989032 (*32), KIC 5036493 (*26), KIC 12688835 (*18), KIC 6520969 (*21) and KIC 9267042 (*12). The hottest of these is a 2.3 d semidetached binary (see §3). All five stars have early-A spectral types (see Table 3 ) and are correspondingly hot in the H14 study. The five coolest stars (excluding the misclassified binary KIC 12643589) appear to be KIC 6780873 (*5), which is the newly discovered SB2 system discussed above, the two faint stars not observed spectroscopically (KIC 5390069 and KIC 7300184), KIC 3456605 (*24), and KIC 7174372 (*8).
To establish a relative T eff ranking four photometric colour-colour graphs have been plotted in Figure 11 The bottom-right panel of Figure 11 is a two-colour plot of U -B vs. B-V , where, unlike the other three panels, the broad-band colours have been dereddened using the new reddenings in Table 2 (col. 4). The (B-V )0 ordering should, therefore, be closer to a temperature ranking. The graph includes the well-known U -B, B-V two-colour main sequence curve (in this case based on the colours given in Table 1 .1 of Böhm-Vitense 1989) with the corresponding spectral types given along the curve. Also plotted for 11 of the program stars are new U BV colours based on photometric observations made in October 2014 with the 1.8-m Bohyunsan Observatory telescope (the magnitudes and colours are given in Table 5 ). The new colours agree well with the Everett et al. (2012) colours, the largest differences occurring, as one might expect, for the SB2 system KIC 6780873 (*5). Note that at a given (B-V )0 colour the program stars have (U -B)0 colours that lie well above the main sequence curve (but well below the blackbody curve which passes through the point [(B-V )0, (U -B)0] = [+0.20, -0.68]. As seen clearly in Fig.16 of Preston & Sneden (2000) , there is, unfortunately, considerable overlap of curves of constant metal abundance and apparent age; as a consequence, the UV-excess is rendered "an ambiguous indicator of abundance" in this situation.
Surface Gravities
The surface gravities derived from the CFHT spectra are listed in column 4 of Table 4 . When there are many overlapping echelle spectral orders log g is not an easy parameter to measure (Smalley 2004 ; Catanzarro et al. 2011); therefore, and the derived values are not in many cases well constrained. In Table 4 the values measured using SME are in the top row, and VWA (or MOOG) values are in the row below; assumed or uncertain values are enclosed parentheses. Also listed are the KIC and H14 gravities that were derived by matching observed photometric colours to stellar atmosphere models. All stars, except KIC 6227118 (*27) and KIC 7765585 (*28), have KIC and H14 values that are practically identical (note: the KIC does not give log g for KIC 11754974, but all other surface gravity derivations, including that by Murphy et al. 2013b , suggest a value close to 4.0). It is important to recall that Brown et al. (2011) warned against relying on the KIC estimates of log g for hot main sequence stars, such as those being investigated here.
A comparison of the photometric and spectroscopic log g values shows that for all but the hottest stars there is reasonably good agreement, the mean difference between the H14 and SME values being 0.05, with a standard deviation of the differences amounting to 0.29. For the hottest stars the spectroscopic log g values tend to be significantly larger than the photometric values (which has the effect of increasing the derived temperatures and metal abundances). No attempt was made to constrain the spectroscopic log g values using the photometric values (see Torres et al. 2012) .
The surface gravity of KIC 6227118 (*27) clearly is a problem. The KIC value, log g=1.03, is exceptionally small, resulting in an unrealistically high luminosity, log L/L ∼4.0. The revised gravity given by H14, log g = 2.84, is higher but is still much smaller than expected for an SX Phe (or δ Sct) star. KIC 6227118 is an outlier in the top panel of Fig. 10 -presumably because it is an optical double (see footnote 1) and highly reddened (see Table 2 ). The gravity derived using SME, log g = 4.5 ± 0.3, is quite uncertain but is more consistent with the star being close to the main sequence.
Two stars for which the photometric and spectroscopic gravities differ significantly are KIC 5036493 (*26) and KIC 7174372 (*8). For KIC 5036493 the SME and VWA estimates of log g are both greater than log g = 4.3, the expected value for an A5 zero-age main sequence star, and larger than the H14 photometric value of 3.97. The spectroscopic values for KIC 7174372 suggest that log g is closer to 3.5 (which is consistent with the A9 III spectral type) than the H14 value of 4.1.
In Fig. 2 of BN12 two other stars appear to have low gravities (and therefore high luminosities since for stars of a given temperature g ∝ L −1 ): KIC 1162150 (*15), and KIC 9244992 (*7). Both stars are relatively cool and may represent stars that have evolved away from the main sequence. Although KIC 1162150 has a relatively bright neighbour to its northwest and an even closer faint blue star to its southeast, the spectroscopically and photometrically derived log g values are in close agreement, and are near log g = 3.5. In contrast, there was a lack of agreement between the spectrosopic and photometric estimates for KIC 9244992, the star studied in detail by Saio et al. (2015) . The log g ∼ 4.5 derived assuming ionization balance differs by 1.0 from the SME and photometric values, which are all close to 3.5. For now, little can be said except that the value, log g = 4.0, derived by Saio et al., lies midway between the SME and VWA spectroscopic estimates.
Microturbulent Velocities
The concept of microturbulence was introduced by Struve & Elvey (1934) as a means of deriving, using the curve- Figure 12 . Microturbulent velocity ξt vs. projected equatorial velocity v sin i (left) and vs. SME effective temperature (right). The black filled squares are the SME values, and the red open circles are VWA values. Both graphs exclude the four very rapidly rotating stars (i.e., those with v sin i >190 km/s), the problematic star KIC 6227118 (*27), and the two misclassified stars.
of-growth method, consistent chemical abundances from weak and strong spectral lines (see Gray 1988 Gray , 2005 Böhm-Vitense 1989 , Aerts et al. 2014 . Physically, the microturbulent velocity, ξt, is related to the mean free path of a photon through small convection cells. In practice ξt accounts for excess (Gaussian) line broadening over and above that of thermal broadening.
For each of the program stars ξt was estimated using SME. For the 12 stars with the narrowest lines, estimates were also derived using VWA and MOOG (by adjusting ξt until the derived abundances were independent of EW). The resulting ξt values are given in column 7 of Table 4 , where, for each star, the SME value is given in the first row and the VWA/MOOG value is in the second row. Figure 12 shows that there is a systematic difference between the SME and VWA microturbulent velocities, with the SME values (black filled squares) being ∼1-2 km/s larger than the VWA values (red open circles), which are more in line with expectation for A-type stars. The left panel shows that the broad line (more rapidly rotating) stars, for which only SME measurements were made, exhibit a significant trend of increasing ξt with increasing v sin i. Whether this trend is real, or a result of the increasing difficulty of measuring ξt as line blending increases, is uncertain. The right panel shows that for the slow rotators, i.e., the stars with narrow lines and v sin i < 50 km/s (red open circles), there is no apparent dependence of ξt on surface temperature.
How do these results compare with previous ξt measurements for similar stars? Gray (1988) discusses variations of microturbulence across the HR diagram and concludes that "there is no strong change in ξ with effective temperature within a given luminosity class"; for main sequence stars the adopted value for ξt was 1 km/s. More recently, Gray (2014) concludes from his analysis of five slowly rotating early-A stars that "an upper limit of 2 km s −1 is placed on the microturbulence dispersion". On the other hand, Landstreet (1998) Fig.4 ) graph shows a variation of ξt with T eff , suggesting ξt values ∼3 km/s for stars with temperatures in the range 7500-8300 K. Thus, while ξt values ∼4-5 km/s are known for A-type stars from high-dispersion high SNR spectra, values as large as 10-15 km/s (as derived here using SME) are unusually high, suggesting that they may be the result of difficulties in measuring ξt for fast rotators with broad and blended lines.
Metal abundances
The spectral synthesis method (as implemented in SME) was used to measure metal abundances for the program stars. For those narrow-lined stars with unblended lines and reliable equivalent widths (EWs), the curve-of-growth method (as implemented in VWA and MOOG) was also used to measure [Fe/H] . Most of the measurements were made of co-added spectra, but when high SNR spectra were available the abundance calculations were repeated using individual spectra, and the results were folded into those from the coadded spectra. Unfortunately our spectra were too noisy at near-UV wavelengths for reliable CaII K-line EWs to be measured and used for [Fe/H] determinations (see Preston & Sneden 2000) . The final derived abundances are given in the last column of Table 4 .
The most metal-poor star in the BN12 sample is KIC 11754974 (*13), the 343 d time-delay binary (Murphy et al. 2013b) . The mean abundance estimated from our spectra, [Fe/H] = -1.2±0.3 dex, is lower than (but within the measurement error of) the abundance −0.5±0.5 dex reported by Murphy et Discrepancies between the SME and VWA/MOOG abundances are most likely due to difficulties associated with line blending, the fact that our spectra have only moderate SNRs, and the differences between the methods (e.g., SME includes several 'metals' in addition to iron in the various wavelength windows, whereas the VWA and MOOG analyses were restricted to iron lines A histogram of the spectroscopic metallicities is shown in the upper panel of Figure 13 , and the spectroscopic and photometric metal abundances are compared in the lower panel. The differences, ∆[M/H], are in the sense 'SME minus H14' (solid black squares) and 'SME minus KIC' (open red circles). The observed trend implies that for metal-poor stars the KIC/H14 abundances are more metal-rich than the spectroscopic abundances, and for the metal-rich stars, the KIC/H14 abundances are too metal-poor. For example, the KIC and H14 metallicities for KIC 3456605 (*24) are both −0.18 dex, compared with the SME value of +0.50 ± 0.10 dex; and for KIC 11754974 (*13) the KIC metallicity is +0.01 dex compared with the SME value of −1.1 ± 0.2 dex. The largest difference is for KIC 6780873 (*5), the newlydiscovered SB2 system discussed above. For it, both the KIC and H14 give −1.1 dex, compared with the SME metallicity 0.0 ± 0.3 dex and the VWA abundance +0.16 ± 0.20 dex; no attempt was made to disentangle the spectral lines and so the uncertainties should be considered to be minimum values.
KEPLER PHOTOMETRY
The Kepler photometry available at the time of the BN12 analysis comprised long cadence (LC) data from quarters Q0-Q5, and limited short cadence (SC) data for three stars: KIC 1162150 (Q4.3), KIC 9267042 (Q3.3) and KIC 11754974 (Q3.1). Since then three additional years of LC photometry have become available , including two additional full quarters (Q6, Q7) of SC photometry for KIC 11754974; the latter have been analyzed in detail by Murphy et al. (2013b) and Balona (2014b) . BN12 give pulsation frequencies for the four stars that most closely resemble large-amplitude field SX Phe stars, as well as periodograms for the ten stars located well above the galactic plane.
Periodograms (also referred to as 'Fourier transforms') based on the four years of available Kepler photometry (Q0-Q17) are presented below for all 34 candidate stars. Included are the two stars too faint to have been observed spectroscopically, and the two close eclipsing binaries misclassified as candidate SX Phe stars. Pulsation frequencies, amplitudes and rotation periods have been derived from the periodograms and subsequently analyzed. A significant result is the discovery of numerous binary systems and the derivation of their orbits.
Pulsations
Periodograms derived using the Kepler LC and SC photometry are shown in Figures 14 and 15 , respectively. The frequency searches were made using the Lomb-Scargle algorithm (Press & Rybicki 1989) . Six of the stars (KIC 4168579, 4662336, 4756040, 9966976, 11649497 and 11754974) were located on Kepler's failed Module 3 and thus every fourth quarter is missing from the LC photometry. The gaps slightly altered the spectral windows but otherwise were not found to cause serious problems.
Another surmountable problem was the discrimination between 'real' and 'alias' peaks in the LC periodograms due to aliasing of pulsation frequencies higher than the LC Nyquist frequency at 24.462 d −1 (i.e., at half the sampling rate of ∼49 photometric observations per day). The problem of identifying 'super-Nyquist' frequencies has been discussed by Murphy (2012) alias peak seen in the LC periodogram). For the majority of the stars only LC photometry is available. To identify the super-Nyquist frequencies, searches from 0-50 d −1 were conducted using both LombScargle periodograms and the Fourier methods implemented in the PERIOD04 program of Lenz & Breger (2005) . The criterion used to discriminate between real and alias frequencies was based on the assumption that the alias (which, for real super-Nyquist frequencies occurs at twice the LC Nyquist frequency minus the real frequency) has a smaller peak amplitude than the corresponding real frequency. This classification rule appears to be borne out by the detailed analyses discussed in the references given above. By applying this rule half of the program stars were found to have super-Nyquist frequencies, with the highest dominant real frequency occurring at 54.7 d −1 (for KIC 6520969). In Table 6 the pulsation frequencies, νn (d −1 ), and amplitudes, An (µmag), for the periodogram peaks with the largest amplitude and greatest significance are given for the program stars. The numbers in the table are based on PE-RIOD04 analyses of the Q0-Q17 LC (and any available SC) photometry. In general, the uncertainties in the frequencies are smaller than 10 −5 d −1 , while the amplitude uncertainties depend on the method used to construct the periodogram and may amount to as much as 10%.
CoRoT and Kepler observations have shown that most, if not all, δ Sct stars exhibit both low and high frequency pulsations (Balona 2014a) . All 32 of the Kepler-field SX Phe candidates show frequencies >5 d −1 (by definition), and ∼25 of the stars also exhibit significant pulsation at low frequencies. Since most δ Sct stars are too hot to possess a significant outer convection zone expectation was that the low frequencies are unlikely to be due to the convective blocking mechanism that is thought to drive the γ Dor pulsations seen at frequencies 0.3 < ν puls < 3.3 d −1 (Guzik et al. 2000) . However, the asteroseismic analysis of KIC 9244992 by Saio et al. (2015) showed that at least one of the stars exhibits rotationally split core g-modes characteristic of γ Dor pulsators, as well as surface p-mode multiplets.
Detailed examination of the periodograms provides fundamental information about pulsation modes, a means for identifying binary systems (from time delays and phase modulations), and a framework for making inferences (which bly the former are harmonics (retrograde modes?) caused by the pulsator's rapid rotation (<v sin i>∼200 km/s), in which case the rotation frequency is 2.49 d −1 . However other modes also are possible (for example, see Breger et al. 2013) . Also present at low frequencies is an interesting group of peaks symmetric in spacing (and amplitude) at ν1 = 5.87206, ν2 = 5.93402, ν3 = 5.96988 and ν4 = 6.03183 d −1 . While ν4 − ν3 = ν2 − ν1 = 0.06195 d −1 , the meaning of this pattern is not clear. All the significant frequencies appear to be sub-Nyquist. Visual inspection of the periodogram gives the impression of equal spacing among some peaks, but closer study reveals that the spacings are not equal. −1 , all with amplitudes less than 30 ppm; since the star is cool these are probably g modes. No evidence for spots is seen at low frequencies. The pulsator is in a time-delay binary system with a 460 d orbital period. In support of its binary nature, the observed RV range, ∆RV=5.1 km/s, agrees well with the predicted K1 = 5 km/s.
KIC 4662336 (*14) -The frequencies of largest amplitude (above 500 µmag) are all sub-Nyquist and should be readily detectable from the ground. No obvious frequency modulation (FM) sidelobes are seen. A system of low-frequency peaks at around 1.7 d −1 (possibly g modes) is striking because of the almost equal spacing; the frequencies, periods and spacings are identified in Table 7 . Although neither the frequencies nor the periods are equally spaced, the change in spacing forms a nice linear trend; similar such trends are seen in γ Dor stars (e.g. Bedding et al. 2014 ). Most of the KIC 6130500 (*9) -The pulsation is dominated by several p-mode frequencies between 15 and 20 d −1 , in addition to a rich spectrum of g-mode frequencies between 1 and 4 d −1 . There are no obvious super-Nyquist frequencies, no frequency modulation sidelobes, and no obvious spacings. Ground-based observations probably would classify this star as a hybrid as there are several peaks with amplitudes greater than 1 mmag.
KIC 6227118 (*27) -The dominant peaks, none of which have amplitudes exceeding ∼300 µmag, are all above the LC Nyquist frequency, and amplitude modulation is visible in the light curve. All the major peaks exhibit a similar multiplet structure, caused mainly by aliasing with the 372.5 d orbital period of the Kepler telescope. The dominant peak, at ν1 = 33.7160 d −1 , is flanked by the second highest peak at ν2 = 33.7145 d −1 . This is the only system in which almost all the power is beyond the LC Nyquist frequency. Except for the two p-mode peaks this star would be classified as a γ Dor star. In §2.1.2 the RV variations revealed that this star is a double-lined spectroscopic binary, consistent with a time-delay analysis of the Q0-Q17 LC photometry ( §3.3) that reveals it to be a close binary system with an orbital period P orb = 9.16 ± 0.03 d. , not aliases) and show no evidence of multiplet structure. At low frequencies a few peaks are seen (all with amplitudes less than 150 µmag), two Table 6 . Pulsation frequencies, νn (d −1 ), and amplitudes, An (µmag = ppm), for the periodogram peaks of largest amplitude and greatest significance. The numbers are based on analysis of the SC data if available, otherwise of the Q0-Q17 LC data. When the amplitude of the super-Nyquist peak (at ν > 24.4615 d −1 ) was greater than that of the corresponding sub-Nyquist peak the former was assumed to be the real frequency and the latter an alias frequency. Binary systems are identified with boldface KIC numbers, and frequencies used in the time-delay analyses have been underlined, and rotation (and/or orbital) frequencies are in red italics. ), a distinct triplet of high-SNR peaks at 0.25, 0.50 and 0.75 d −1 , and many low-amplitude peaks distributed over a wide range of frequencies. In the light curve the 0.25 d −1 peak shows up as broad dips every four days, which, if not fictitious, may correspond to the rotation period claimed by Nielsen et al. (2013) , or may be due to 4-d orbital motion in a close 'ellipsoidal' binary (see §3). The multi-periodic pulsations all occur at amplitudes below 0.01 mag.
KIC 7300184 -The periodogram shows an extreme peak at 11.66 d −1 , the amplitude of which, 28900 µmag, is exceeded only by the 57690 µmag dominant peak for KIC 11754974. KIC 9244992 (*7) -The 0-50 d −1 frequency spectrum is dominated by two p-mode peaks at 12.339 and 12.920 d −1 , which, after pre-whitening, reveal a "plethora" of p-mode peaks between 11 and 17 d −1 , and a complex high-amplitude group of g-mode peaks between 0.9 and 1.3 d −1 . A detailed asteroseismic analysis of the pulsations, and an asteroseismic application of their use for determining physical characteristics, including the rotation profile, was made by Saio et al. (2015) . Their best-fit model was: M =1.45 M ; T eff = 6622 K; L=7.14 L ; R = 2.03R ; log g=3.982; age=1. (with harmonics at 0.228 and 0.346 d −1 ), identified as νrot by Balona (2013) ; all three peaks exhibit an underlying broad Gaussian feature somewhat similar to those seen in Figure 6 of Balona (2013) . Additional low-frequency peaks are seen at 1.84 and 2.45 d −1 (g-modes?). Rømer time-delay analyses (see §3.3) suggest that the pulsator is in a binary system with an orbital period longer than four years.
KIC 10989032 (*32, KOI 7397) -The Kepler light curve shows both eclipses and pulsations. These appear as two distinct sets of frequencies in the 0-25 d −1 long cadence periodogram: (1) two high peaks associated with the 2.3 day orbital motion, one peak at ν orb =0.43375 d −1 and another at twice this, accompanied by a series of equally-spaced harmonic peaks between 1.73 and ∼12 d −1 -the harmonics that are even multiples of ν orb have much larger amplitudes than those at odd multiples of ν orb ; and (2) icant secondary event and a centroid offset". The spectral type is based on an excellent match to the A5 V standard star HD 23194.
KIC 11649497 (*11) -Almost all of the significant real frequencies are above 15 d −1 , with many in the super-Nyquist region. All the major peaks show substructure due to aliasing caused by the orbital periods of Kepler and the Earth. 'Low-amplitude eclipses' were noted by BN12. The analysis is complicated by location on Module 3 and by amplitude modulation.
KIC 11754974 (*13) - Murphy et al. (2013b) discovered (from a careful asteroseismic investigation using the LC:Q0-Q13 and SC:Q6-Q7 data) that the SX Phe pulsator is in a 343-day non-eclipsing binary system. An independent pulsation and time-delay analysis using all the LC:Q0-17 data was later conducted by Balona (2014b) . These studies identified five independent p-mode frequencies between 16 and 23 d −1 , the most powerful of which is at 16.34475 d −1 . Also seen were many combination frequencies, including some very distinctive low-amplitude quintuplets. The strong peak at 0.09524 d −1 seen in the binarogram of Balona (2014) . If the harmonics are real and due to rotation then Prot ∼ 0.60 d (Balona 2013) . Differential rotation cannot be excluded. Concerning the pulsations, the low-frequency spectrum does not resemble that of a typical γ Dor star. Several of the strongest p-mode frequencies are in the superNyquist region.
Rotation
The Kepler data have proven to be useful for establishing surface and interior rotation periods for many stars across the HR diagram (see review by Aerts 2015) , including the two stars in our sample that were subjected to detailed asteroseismic investigations. For KIC 11754974 (*13), the inclination angle of the rotation axis (= 47 +7 −15 deg), the equatorial rotation velocity (= 34.18 km/s), and the radius (= 1.764 R ) were determined by Murphy et al. (2013b) . These values imply νrot = 0.383 d −1 and v sin i = 25.0 +2.7 −6.9 km/s, the latter being in close agreement with the mean projected rotation velocity measured from the spectra, 28.8±1.7 km/s. For KIC 9244992 (*7), the core and envelope rotation rates (both assumed to be constant) are available from Saio et al. (2015) , who deduced from rotational splitting of its pulsation frequencies, a rotation period of 66.2±0.6 d (i.e., νrot = 0.015 d −1 ) at its surface and 63.9±0.2 d at its core; such slow rotation corresponds to an equatorial rotation velocity of only 1.5 km/s, which is consistent with the measured v sin i < 7 km/s. Owing to the importance of rotation further such detailed investigations ought to be carried out.
Surface rotation frequencies have also been derived by examining low frequency periodograms. If a star exhibits light variation due to the presence of a surface spot or other co-rotating surface feature, estimation of the rotation period may be possible. Light variations due to surface features are unlikely to be sinusoidal and therefore harmonics might be expected in the low-frequency periodogram. Thus, detection of a low-frequency peak and its harmonic(s) might reasonably be attributed to a revolving surface feature, in which case the rotation period of the star can be deduced (see Dziembowski 2011) . By identifying low-frequency peaks and their associated harmonics in Kepler periodograms, Balona (2013) derived rotation periods for 875 Kepler A-type stars, six of which are among the stars being considered here. Rotation periods for four other BN12 stars were similarly derived by Nielsen et al. (2013) as Table 8 . Rotation rates for the program SX Phe stars. Columns (2)-(4) contain the rotational frequency, νrot, the rotational period, Prot, and a reference label, where B13, N13, M13 and S15 represent Balona (2013) , Nielsen et al. (2013) , Murphy et al. (2013) and Saio et al. (2015) , respectively. The last column contains the spectroscopically-measured mean projected rotational velocity from Table 3 . Boldface numbers identify binaries (see §3.3), and values followed by colons are considered uncertain. part of their program to measure rotation periods for 12000 Kepler-field main-sequence stars 8 . Because the νrot range investigated by Nielsen et al. was limited to frequencies between 0.03 and 1.0 d −1 none of the stars in their catalog has a rotation period longer than 33 days or shorter than one day. Of course other non-rotational interpretations of low-frequency peaks are possible, including that some or all of the low-frequency peaks have a pulsation origin and are combination frequencies (e.g., Kurtz et al. 2015) , an interpretation favoured by SJM.
In Table 8 rotation rates from the papers by Balona, by Nielsen et al., and from the two abovementioned asteroseismic investigations, have been summarized. Note that all of the rotation periods, except that for KIC 9244992, are shorter than 10 days, as might be expected for stars with spectral types earlier than ∼F5 (see Fig.2 
of Nielsen et al.).
A systematic search of the low-frequency periodograms of all the BN12 stars was conducted to identify lowfrequency 'peaks and harmonics'. For most of the stars, including KIC 11754974 and KIC 9244992, no obvious νrot harmonics' were detected. However, possible rotation frequencies were identified for three previously unmeasured stars, KIC 7020707, KIC 8330910 and KIC 4168579, and for KIC 7819024, all fast rotators with v sin i values greater than 90 km s −1 ; these too are given in Table 8 . Low-frequency periodograms for 12 of the surveyed stars are plotted in Figure 18 . The locations of the highest peaks, all with high S/N ratios, usually correspond to Figure 18 . Peaks and possible harmonics seen at low frequencies in Kepler Q0-Q17 LC periodograms. KIC number (on top), CFHT star number (in parentheses), rotation frequency, νrot (rotations per day), and source of the rotation frequency (see Table 8 Balona (2013) , and its harmonic. Since the first two frequencies have significantly higher amplitudes νrot = 1.360 d −1 must be considered questionable.
Further inspection of the periodograms shows that only five stars (CFHT nos. 8, 16, 2, 30 and 3) exhibit single, well-defined peaks at the presumptive νrot, with loweramplitude harmonics at two (and sometimes three) times νrot. KIC 9966976 (*31) has a dominant peak at 0.114 d −1 , the νrot value given by Balona (2013) , with apparent harmonics of lower amplitude at two and three times νrot, but the peaks are broad and made up of several distinct frequencies, possibly due to differential rotation in a spotted star, or due to combination frequencies. Such groupings of two, three or more frequencies at the peaks and harmonics, rather than single frequencies, also are seen for CFHT nos. 29, 9, 12, 18 and 23 (Fig. 18) .
Since v sin i = 2πR sin i νrot one might expect to observe a positive correlation between νrot and v sin i, where the degree of correlation depends on the distributions of the unknown radii and unknown inclination angles of the stars. Figure 19 is a plot of v sin i versus νrot for the stars in Table 8 , where the location of any given point below, say, the R=2 R line, can be understood as arising from either a smaller radius or an inclination angle less than 90
• , or some combination of the two possibilities. For instance, the location of KIC 8110941 (*29), a narrow-lined star with v sin i < 7 ± 1 km/s, is readily explained if its inclination angle is near 0
• (i.e., it is observed pole-on). On the other hand, the estimated rotation frequency of KIC 9966976 (*31), νrot = 0.114 d −1 , is too low to account for a v sin i as large as the measured value, which suggests that the features seen in its low frequency periodogram may not be attributable to a spot or other co-rotating feature, but could be an artifact attributable to the long-term trends and jumps in Kepler photometry, or due to combination frequencies (see Kurtz et al. 2015) .
Binary Systems
SX Phe stars are Pop.II blue stragglers (BSs) in the lower instability strip, and BSs are believed to be binary (or triple) systems that have experienced mass transfer or possibly coalescence (Hoyle 1964; McCrea 1964; Iben & Tutukov 1984; Iben 1986; Nemec & Mateo 1990b; Mateo et al. 1990; Bailyn 1995; Ferraro et al. 2006 Ferraro et al. , 2014 Perets & Fabrycky 2009) , from which it follows that SX Phe stars likewise have a binary (or triple star) nature. Of course, if coalescence has occurred then the original binary nature may no longer be visible. In any case, since only a few SX Phe stars in binary systems are known (see §3.3.3) determination of the fraction of binaries among the BN12 stars and their properties is of considerable interest.
During the course of this investigation 11 SX Phe binaries have been identified. Three of these stars are close binaries with orbital periods less than 10 days, and the other eight stars were discovered, from Rømer time-delay analyses, to be in wider binaries with orbital periods ∼200-1800 days. Orbital periods and other significant characteristics for the eleven SX Phe binaries are summarized in Table 9 . The quantities recorded are: the orbital period, P orb ; the halfrange of the primary star's RV variation, K1; the orbital eccentricity, e; the argument of periastron, ω; the time of periastron passage, Tper; the projected semi-major axis of the primary, a1 sin i; and the mass function for the secondary star, f2(M1, M2, sin i). Fig.17 ). Both systems are of interest in their own right because they are binaries belonging to the galactic halo stellar population; however, we are concerned in this paper primarily with the SX Phe stars so little more will be said about these two stars.
Close Binaries
Based on the appearance of their light curves, their observed RV variations, and their broad CCFs, it is clear that KIC 10989032 (*32), KIC 7174372 (*8) and KIC 6780873 (*5) have orbital periods less than 10 days and small separations. Their orbital and other properties are discussed next. KIC 10989032 (*32) -This eclipsing system is listed in the Villanova EB catalog as having P orb = 2.3050976(35) d, and a 'morphology classification parameter', 0.53, indicating that it is probably semi-detached (morph∼ 0.5-0.7) but is close to being detached (morph 0.5). Other basic characteristics include: mid-eclipse time for the primary eclipse, BJD0=2454966.705±0.013; primary and secondary eclipse depths of 0.0095 and 0.0043 (i.e., very low amplitude grazing eclipses); primary and secondary phase widths of 0.025 and 0.034; and a separation in phase between the primary and secondary eclipses of 0.499, suggesting a near-circular orbit (unless the major axis of the orbital ellipse is orientated towards us, i.e. ω = ±90
• ). Additional parameters of the system include (see Table 1 in Prsa et al. 2011) : temperature ratio, T2/T1 = 0.454; sum of the fractional radii, (R1 + R2)/a = 0.208 (where a is the semi-major axis of the orbit, equal to the separation of the two stars, a1 + a2); orbital inclination angle, sin i = 0.9947 (i.e., nearly edge-on, i = 84.10
• ); and radial and tangential components of the orbital eccentricity, e sin ω = -0.241 and e cos ω = 0.459. Figure 20 shows an eight-day portion of the Kepler light curve (top panel), the long cadence fluxes phased with the Villanova P orb and BJD0 (middle panel), and the RV curve (bottom panel). The radial velocities are well fit with occurs at BJD = 2456548.563±0.011, from which one can infer that eclipses occurred 1 4 P orb earlier and later, i.e., at BJD 2456547.986 and 2456549.139, respectively. These 'observed' eclipse times are to be compared with the primary eclipse time predicted from the Villanova EB catalog: BJD0 + 686P orb = 2456548.002, the time difference amounting to only 0.016 day or 23 min. This difference is much smaller than the error expected from the propagated uncertainties and is consistent with the observed lack of eclipse timing variations (see Conroy et al. 2014 , and the online EB catalog). Finally, with no RV information for the secondary, the mass ratio, q, and the individual masses are unknown. However, if the primary of KIC 10989032 were a typical A5 V star (see Table 3 ) it might be expected to have a mass ∼2.0 M and a radius near 1.7 R (Gray 2005) . Models of Pop. II blue stragglers that have undergone mass transfer suggest lower total masses, possibly in the range 1.1 to 1.5 M (see Fiorentino et al. 2014 Fiorentino et al. , 2015 . Assuming 1.5 M for the mass of the primary, the observed K1 = 18.28 km/s suggests q = 0.11 and a mass for the secondary of 0.16 M . The mass-radius relation of Demory et al. (2009) suggests that such a low-mass star might be expected to have a radius R2 ∼ 0.15-0.20 R , consistent with the above discussion of sizes.
KIC 7174372 (*8) -As noted earlier, the Kepler light curve shows low-amplitude, high-frequency oscillations superimposed on periodic low-amplitude dips. It is possible that the four day period of the dips is due to rotation (Nielsen et al. 2013) ; however, the dips may also be due to orbital motion in an ellipsoidal binary system, i.e., a system comprising "noneclipsing close binaries whose components are distorted by their mutual gravitation" where "the light variations are due to the changing cross-sectional areas and surface luminosities that the distorted stars present to the observer at different phases" (Morris 1985) . The star is not listed in the Villanova EB catalog. Owing to large uncertainties in the measured RVs (caused by the broad spectral lines), it is difficult to tell if the RVs are varying (∆RV = 4.9 ± 4.8 km/s); however, considerable broadening is seen in the CCFs (Fig. 5 ). If both P orb and Prot are near 4.0 d then the system is tidally synchronized; such synchronization is common in binary systems with short orbital periods (Duquennoy & Mayor 1991) .
KIC 6780873 (*5) -This double-lined spectroscopic binary (see §2.1) exhibits the largest RV range of all the program stars, ∆RV = 69.9 ± 0.3 km/s. Six of the nine CCFs resolve into two components, with heights that clearly identify the primary and secondary components (see Fig. 3) . From an FM analysis the orbital period was initially estimated to be 9.16±0.03 d. Similar periods were derived from a time-delay binarogram analysis, from a PM analysis (where a sampling window of 3 d instead of the usual 10 d was needed), and from an analysis based only on the 18 RVs (using the 'Spectroscopic Binary Solver' [SBS] program of Johnson 2004 ). The current best estimate of the orbital period, P orb = 9.1547 ± 0.0003 d, combines the results of the PM method with RV information (see Murphy et al. 2016) . With this period the symmetric RV curves were well fit with eccentricity, e=0.0, and gamma velocity (i.e., median RV), Table 10 . Example orbital properties for the non-eclipsing SB2 system KIC 6780873 (*5), for four possible primary-star masses. The quantities were calculated assuming the following observational constraints: P orb =9.161±0.001 d; e=0.04±0.02; a sin i = 16.48 R ; γ=10.07±0.26 km/s; K 1 =38.8±0.9 km/s; K 2 =52.4±1.0 km/s; q = 0.74±0.03; time of periastron passage, Tper=2455518.73±0.33; argument of periastron for the primary and the secondary, ω 1 =311±14 • and ω 2 =131±14 • . The velocities in the last two rows were calculated assuming circular orbits. Figure 4) . The observed amplitudes of the two RV curves, K1 = 38.8±0.9 km/s and K2 = 52.4±1.0 km/s, give a mass ratio, q = 0.74±0.03, which is independent of the orbital inclination angle. The projected semi-major axis, a sin i = 16.48 R (=0.077 AU), follows from K1(P orb /2π)((1 + q)/q). Assuming the parameters given in the caption for Fig. 4 the predicted RV curves fit well the measured individual RVs, with standard deviations of the O-C residuals ∼0.62 km/s for both components. Since the photometry shows no evidence of eclipses, the individual masses and the orbital inclination angle, i, could not be determined; only the mass functions for the individual components, f1 = 0.136M and f2 = 0.055M could be estimated. To resolve the degeneracy between mass and inclination angle four different masses were assumed for the SX Phe (primary) star, M1 = 0.9, 1.2, 1.5 and 1.8 M , and inclination angles were calculated by constraining the predicted RV curves to have the observed K1 and K2 values. Some properties of the binary system for the assumed masses are summarized in Table 10 , where: M2 follows from the observed mass ratio q (=K1/K2); the semi-major axis, a, follows from Kepler's third law, a 3 = G(M1 + M2)P 2 /(4π 2 ); and the individual distances from the centre of mass, a1 and a2, were computed from the a and K values. RV curves were computed for each mass, from which the best-fit inclination angles, i, were found. Since e is near zero, the individual velocities, v1 and v2, which follow from the a1, a2 and P orb values, are very nearly constant. Note that for a doubling of M1, from 0.9 to 1.8 M , the inclination angle changed little, from 50.4 to 37.7 degrees. et al. (2012, 2015) , Telting et al. (2012) , Murphy et al. (2013b Murphy et al. ( , 2014 Murphy et al. ( , 2015a , Balona (2014b) , , Kurtz et al. (2015) , Koen (2014) and others have shown that it is possible, using only Kepler time-series photometry, to derive RV curves and orbital elements for binary systems in which one or more of the stars is pulsating. As the pulsating star orbits the barycentre of the binary system its distance changes, resulting in Rømer time delays of the pulsation frequencies (also seen as phase modulations), which are equivalent to frequency modulations. When working in the time domain these methods have been variously referred to as the 'time-delay' (TD) method (Telting et al. 2012 , Balona 2014b , the 'phase modulation' (PM) method (Murphy et al. 2014 (Murphy et al. , 2015b (Murphy et al. , 2016 , and the 'O-C (and light travel time)' method (Koen 2014) ; and in the frequency domain the 'frequency modulation' (FM) method (Shibahashi et al. 2012 . Successful application of these methods requires: (1) high precision photometry (in order to derive accurate pulsation frequencies and to detect contamination by nearby frequencies); (2) photometry with a time baseline sufficiently long to resolve long orbital periods, and of sufficiently short cadence to resolve close binaries with short orbital periods; and (3) one or more members of the binary system pulsating with one or more high-amplitude frequencies that are uncontaminated by close frequencies (i.e., no significant neighbouring peaks in the periodogram) and which exhibit steady pulsation (i.e., no amplitude or intrinsic variations). The 32 SX Phe candidates and associated Kepler photometry meet all these requirements in the case of binary systems that have orbital periods in the range ∼10 to ∼1700 days.
Rømer Time-Delay (Wide) Binaries

Shibahashi
One prior application of the time-delay method was the detailed asteroseismic analysis of KIC 11754974 (*13) by Murphy et al. (2013b) . Time delays of up to ∼180 s revealed the SX Phe star to be the primary in a non-eclipsing 343 d binary system that has an almost circular orbit; assuming 1.5 M for the mass of the primary and orbital inclination angle i = 90
• , gives a secondary mass of 0.6±0.2 M , which is characteristic of a K-or early-M main-sequence star. More recent analyses of KIC 11754974 using the complete Kepler Q0-17 data set have been made by Balona (2014b) and Murphy et al. (2014) .
For the present paper both time-and frequency-domain methods were used to search the BN12 stars for SX Phe pulsators residing in binary systems. The analyses were carried out using the TD (binarogram) method described by Balona (2014b) , and the FM and PM methods described by Shibahashi et al. (2012 Shibahashi et al. ( , 2015 and Murphy et al. (2014 Murphy et al. ( , 2015b Murphy et al. ( , 2016 . All the available Q0-Q17 Kepler photometry was utilized, and for the time-domain analyses, a sampling interval of 10 d was adopted, which corresponds to a Nyquist frequency of 0.05 d −1 and precludes measurement of orbital periods shorter than ∼20 d. Care was taken to select only real frequencies with amplitudes high enough to allow detection of binary motion (use of an incorrect alias frequency often results in an apparent "orbital period" close to that of the Kepler satellite, i.e., 372 d). For the FM analyses the short-period limit was reduced to ∼4 d, and led to the initial discovery of the 9.16 d orbital period for KIC 6780873 and the 4.0 d orbital period for KIC 7174372. Sensitivity to short periods is the biggest advantage that the frequency domain has over the time domain. Orbital elements derived from the current analysis are summarized in Table 9 .
Observed phase shifts from the time-delay analyses are shown in Figure 21 for six of the stars. The graphs for each star give, for the frequencies noted on the right side of each graph, the phase variation as a function of orbital phase. The points in each graph represent the measured pulsation phase (10 d segments) of the photometry. The six stars have orbital periods between 208 and 670 days and therefore can be classified as 'wide' binaries. The high signal-to-noise ratios of the phase variations leave little doubt about the binary nature for five of the six stars. In the case of KIC 7300184 only one pulsation frequency was employed in the analysis, therefore the orbital parameters e, ω and Tper could not be calculated.
In Figure 22 time-delay diagrams and Fourier transforms of the weighted average time delays from PM analyses are plotted for seven of the wide binaries. The panels are ordered by orbital period, shortest at the top and longest at the bottom. For each time-delay graph (left side) individual extracted frequencies that were used for the analysis are plotted with different symbols (see legend on right). For all but the two longest period binaries the null hypothesis that there is no time delay can be ruled out with considerable confidence. The panel for KIC 11754974 (third row from the top) shows that dominant pulsation frequencies do not always lead to the same time-delay (or phase modulation) curve. In some cases the chosen pulsation frequencies may have been contaminated by other close frequency peaks, which would have had the effect of perturbing the phases at the sampling times and obscuring the frequency variation due to binarity; by analyzing multiple frequencies this problem was largely overcome.
The derived orbital periods for KIC 9267042 (*12) and KIC 9966976 (*31), if real, are longer than the ∼4-year duration of the Kepler data set and are too long to be resolved by the FM method. However, phase variations indicative of binarity were found using both the PM and TD methods (see Table 9 ). The strongest argument that can be made for the reality of the measured time delays is that in Fig. 22 similar curvatures can be seen for all of the pulsation frequencies employed for the analyses, a finding that is consistent with variation caused by binary motion. When KIC 9966976 was analyzed using the binarogram method the same P orb was found for the four frequencies that were considered, and similar values of a sin i were derived for all four frequencies, which lends considerable support to the conclusion of its binary nature. The evidence was less convincing for KIC 92670423; while the same dominant peak (i.e., P orb ) was found for the four test frequencies, a range was seen in the amplitudes of the associated peaks (i.e., a sin i) thereby reducing the likelihood of the binary conclusion. Figure 23 shows the results of PM+RV analyses for six time-delay binaries where both the phase modulations and the RVs were included in the orbit solutions. The graphs were created using the method outlined in Murphy et al. (2016) . Inclusion of the RVs extended the time baselines by almost two years, and added weight to several of the orbital solutions. The biggest improvement compared to the single-method results was for KIC 6780873 (*5), the 9.1 day double-lined spectroscopic binary; in this case, the precision of the orbital period improved to a few tens of seconds for a light travel time (across the orbit) of only a few tens of milli-seconds, and the uncertainty of its orbital eccentricity improved to within 0.0005 of zero (signifying circular orbits). For the binaries with large v sin i values the addition of the RVs to the solutions resulted in minimal improvement over the PM-only solutions; and for KIC 11754974 (*13) the maximum time delay is now seen to be ∼140 sec, down from the ∼180 s noted earlier.
Masses and radii for the program stars, taken from Huber et al. (2014) , are given in Table 11 . The average mass, 1.70 M , and average radius, 2.25R (exclud- Table 10 .
ing the extreme outlier KIC 6227118), were adopted for the two stars that are missing from the Huber et al. sample, KIC 5390069 and KIC 7300184. For the binary systems, lower limits for the masses of the secondary stars are also in the table. These were derived by assuming an orbital inclination angle, i = 90
• (i.e., edge-on), adopting the Huber et al. mass for the primary star, and using the mass function f2(M1, M2, sin i) given in Table 9 to solve for the minimum mass of the secondary. Assuming 1.5 M for the KIC 11754974 primary star mass, instead of the H14 value of 1.73 M , gives a slightly lower minimum mass for the secondary, 0.43±0.15 M , still characteristic of a K-or early-M main-sequence star. The secondaries for KIC 7174372 (*8), KIC 9267042 (*12) and KIC 9966976 (*31) are seen to have M2 lower limits below 0.08 M , which offers the possibility that the companions are brown dwarfs.
Based on our findings, eight of the SX Phe stars appear to have companions with orbital periods between 200 and 1800 days, seven of which are new discoveries (the binarity of KIC 11754974 having already been discovered by Murphy et al. 2013b) . The orbits for these stars are probably too large for there to have been the mass transfer necessary to create the SX Phe primary (i.e., a pulsating blue straggler). Of course, if one star already entered the red giant phase it could now exist as an extreme horizontal branch star with an exposed core, i.e., an sdB or WD star. It seems most likely that the primary of these 'wide' binaries is a coalesced star while the secondary is the third star in a triple system. Indirect evidence for the coalescence hypothesis comes from the presence in HR diagrams of various types of binary systems seen among the BSs found in globular clusters and dwarf galaxies ( (Gosnell et al. 2014) .
Other SX Phe Binaries
Approximately one third of the BN12 sample of Kepler-field SX Phe stars (eleven of 30 stars) have been found to be in binary systems with orbital periods ranging from a few days to several years. While these are not the first SX Phe stars in binary systems to be identified, the long baseline (four and KIC 11754974 (*13). For each star time-delay and radialvelocity curves are plotted, phased with the orbital periods given in Table 9 . The RVs have been offset by the systemic RVs. Both measured and fitted time-delays (black points and red curves), and measured and fitted RVs (ochre points and blue curves), are plotted. Table 11 . Radii and masses for the 34 program stars. The radius and mass of the primary, R 1 and M 1 , are from Table 5 of Huber et al. (2014) . The mass of the secondary, M 2 , was calculated by combining the mass function, f 2 (M 1 , M 2 , sin i), from Table 9 , with the H14 primary mass from column (4), and assuming i = 90 • ; thus the M 2 are lower limits. The KIC numbers of the binary systems are in boldface.
no. (H14) (H14) (this paper) (1) (2) (3) (4)
star, and was found to be in a 144.2 d close binary system, possibly orbited by a brown dwarf having an orbital period ∼9.3 years (Fauvaud et al. 2006 (Fauvaud et al. , 2010 ; (3) QU Sge in M71 is the first SX Phe binary found in a globular cluster (Jeon et al. 2006; see McCormac et al. 2014) . It is a semi-detached Algol-type eclipsing binary (orbital period 3.8 days) with "the secondary component fully filling its Roche lobe and the primary filling its Roche lobe by about 33%". After subtracting the eclipses the primary star was seen to be an SX Phe star with two close frequencies, 35.883 d −1 and 39.867 d −1 (corresponding to periods of 40.2 and 36.1 min, respectively) indicative of non-radial pulsations. Given that the mean [Fe/H] of M71 is near −0.80 dex, with a small (0.03 dex) standard deviation that suggests considerable homogeneity (Cordero et al. 2015 , and references therein), it is reasonable to assume that QU Sge too has a similar metal abundance.
Relaxing the distinction between SX Phe and δ Sct stars, δ Sct binary systems were first identified over 40 years ago. The first such identification was AB Cas, a δ Sct star in a 1.37 d Algol-type system (Tempesti 1971; Rodríguez et al. 1994 Rodríguez et al. , 1998 , where the δ Sct star has a small amplitude range, ∆V ∼0.05 mag, and appears to be monoperiodic with f = 17.16 d −1 . Another early identification was Y Cam (Broglia 1973; Broglia & Conconi 1984; Rodriguez et al. 2010) , which shows several significant frequencies between 15 and 18 d −1 (Kim et al. 2002) . Debosscher et al. (2013) , and Lee et al. (2016) .
SUMMARY
Our goal was to characterize better the sample of 34 Keplerfield SX Phe stars identified by BN12. High-resolution spectra for 32 of the 34 stars were acquired and analyzed, and all the available Q0-Q17 long-and short-cadence Kepler photometry for the 34 stars were re-analyzed.
Radial velocities were derived from 184 program star spectra (calibrated with 24 spectra of IAU standard stars). Approximately half of the stars show some evidence for RV variability. By combining the measured mean RVs with the tangential motions, U, V, W space motions were derived. Five of the stars were found to have large negative Vvelocities, and 29 of the 32 stars have a total space motion T > 300 km/s. All of the stars lie in the 'galactic halo' region of the Toomre diagram (except possibly KIC 6227118 which appears to lie in the 'thick disk' region).
Also derived from the spectra were projected rotation velocities and macroturbulent velocities. Two thirds of the stars are fast rotators with v sin i > 50 km/s, including four stars with v sin i 200 km/s. Several stars were found to have macroturbulent velocities in the range 10-30 km/s; such turbulence may be an even larger contributor to observed broadening of spectral lines than rotation.
Other atmospheric parameters that were measured include T eff , log g, vmic and [Fe/H]; these spectroscopic estimates improve upon previous values, such as those that rely only on calibrations involving photometry (KIC, H14). The spectral types range from A2-F2, corresponding to surface temperatures in the range 8600-6900 K. The mean metallicity of the sample is near solar, with only a few of the stars having a marked metal weakness; in this sense the stars resemble the metal-rich A-stars (Perry 1969 , Preston 2015 . By analogy with metal-rich RR Lyrae stars, such as those found in metal-rich globular clusters the BN12 sample can be characterized as 'metal-rich SX Phe stars'. In fact, the existence of metal-rich SX Phe stars complements the recent finding by Torrealba et al. 2015) that suggests a higher concentration of more metal-rich stars near the galactic disk (see their .
SX Phe stars have, until now, been thought of as "metal-poor Population II variables that have high space velocities and fall in the blue straggler domain of the colormagnitude diagrams of globular clusters" (McNamara 1995) . The identification in this paper of bona fide metal-rich SX Phe stars suggests that the definition of such stars should not be limited to "metal-poor" pulsators.
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